JjL .l£ j J ^ ^iU PHENYLPROPANOID H jjfc- 

(9331006) <> Uij*^*- <UJ 



93 jliwi* j 



(hydroxycinnamic acids) Iaj^i u&^Uh a£ jjj <u j jjI* 



. phenylpropanoid ^4 ^ J ^ J* Jj± ^ <i 64? ^ 



jl ^ jjiLa ^ U Phenylpropanoid Jw^ <i a &j* jJa*^ 

. AiLuA phenylalanine) ( u^VI J^a 

^ AlJ. ^ 14 o> Jj^j ^ ^U£ji 8000 J lA* 

.(e.g., Strack 1997) ^ M l&Uj <jAJ jj «■£ ^ ^ 



Herbivore - ^ ax*Lu i«i j ^ jS ^ ► 

jjjUj^ cUfuranocoumarin j) hydroxycinnamic ^lJ^jJl ^UjuJ 

u j^ls j ^ JaJij jjts 4 hydrolysable tannins <^ AP^ <u stilbene <u 

JjL, 6 j jl cJiaU* j cU^ ■ hydroxycinnamic ^u^t 

u^j^ jj! 



I* u^jj^ W ^jh ^ ( W Phenylpropanoids ► 

JjoA\£ .ijljJJ-G / 1 . JuSo ^L^jI lS^.I^J q\ jl^tLuiJ j bXiy^. djljjul^. Jjjjlj£ fit&LujJ 

L— L^J Ij AjuJJ j (_£jjjtj 6<_£jli£ tAj^XJ 6 jl j^Jfclj£ dulil .jjljJ <^ ^C-lij LlAjj£jJ 

jl jS jjj\j 

|.jj£ (Sj^i (Jjjij L_£_J Ajl Jj 6^(j.JJj^ t ■ Lj ' j <L^. jlj CAjujI ^-A^j JajuJjJ 

L-iL ja jjSjjU jj! jj jj cutu^ j herbivores j*t 



£j| (J^Luj j dbuol Ailjaix ^ h©rbivory (4*VU m (j^) AUkLua 4£ Ia ► 

ua jj P/nus sylvestris 



^ j cA^j o^ 1 <i ^ ^ phenylpropanoids 



High liqht/UV 

anthocyanins 
flavones 
smapyl esters 
isoflavonoids 
psoralens 

Pathogen attack 

pterocarpans 
isoflavans 

prenyl ated isoflavonoids 
stilbenes 
coumanns 
furanocoumarins 
3-deoxyanthocyanidms 
flavanols 
aurones 



t7) 




Wounding 

coumestrol 
coumann 
psoralens 
chlorogenic acid 
ferulate esters 
wall bound phenolic acids 
lignin. suberin 



Low temperature 

anthocyanins 



Low nitrogen 

flavonoids. isoflavonoids 



Low phosphate 

anthocyamns 



phenolic acids 



Figure 2. Examples of Stress-Induced Phenylpropanoids. 



10 




Cinnamate- 4- cjUU^ 4-hidroxylation j (PAL)J^^ a^Vi 

.(C4H) hidroxylase 




OH OH OH OH 



R, — R ? »M. f>-Hydrox-yrt>erv£CMC AckJ R t »Rj»H. p-Hydroxycmnamwc Aod Ctttorogonic Acad F«ruloytty< 

R,-OH. Rj-H. Prolooatochcac Aod R,»OH. R ; h Cafiec Acad 

R,-OCH y R,=H. Vamlhc AckJ R,-OCH 3 . R ? «H. Ferulic Add Hydroxycinnamoyl CotijuQate* 




OH H gp fpaitoylQfcjoo— Condensed Tanmn 

i» Mydtfolyzat** Tewiin) 



-ij*. 1 Representative phenolics associated with wounding and herbivory. Examples from the 
nain classes of phenolic compounds known m he associated with either the response of plants to 
iiechanical woumlin^ and/or herhivory are shown. For the tannins, repeating phenolic units are 



I- ' l-tyrosine< l-phenylalanine J*** ^u^i jhJ JjS^s 

.^5L^ cU^ tryptophan 

^ u^j^ clxS^ lMW^ fix ls^ l>jj^ J %20 Ujj^ 

■ ^JJ j! U3j*i Jj* <-&j jj^jj^ J^a f-yl j£L* J>« jA 



shikimate dehydrogenase 



GOO" 



shikimate kinase 




3-dehydroquinate dehydratrase 



COO 

Phospho-enoZ-pyruvate 

<DH J— 



:rythrose-4-phosphkte 

dehydroquinate 



DAHP synthase 



synthas^ 



O y OH 

OH 

3-Dehydroshikimate 



o OH 
OH 

3-Dehydroquinate 




oc-o 



EPSPs^nthase 



chorismat^ synthase 



coo 



Shikim ate-3-phosp hate 



5-^/?o/py ru vy Is hi iki m ate- 
3-phosphate 



OH 

Chonsmate 



arogenate dehydratase 



-ooo^ 



^^c?oo-aspartate:prephenate am inojgggf erase 





chorismate mutase 



Ol I 

Prephenate 



Phenylalanine 



phenylalanine ammonia-lyase 



Phenylpropaix>ids 



Cinnamic 
Acid 



Fig. *>.3 The shiki mate pathway and N-recycling in plants. The shikimic acid pathway, from 
phospho-^/?o/-pyruvate and erythrose-4-phosphate to phenylalanine is shown. Cofactors and co- 
substrates are not shown Tor clarity. Refer to Table 9. 1 . Bold arrows indicate steps for which 
wounding and/or he rh ivory have b>een shown to result in induced gene expression and/or en- 
zyme activity. Enzymes are: ( 1 ) 3-deoxy-D-rt/Y//?///o-heptulosonate-7-phosphate (DAHP) syn- 
thase; < ~2 > 3-dehydroquinate synthase; (3) 3-dehydroquinate dehydratrase; (4) shikimate de- 
hydrogenase; (3) shikimate kinase; ( ) 5-^/io/pyruvylshikimate-3-phosphate (EPSP) synthase; 



<u j^L oL^ ^ ^ ^U^jj phenylpropanoid ► 

: Ji. 

Sitodipolis mosellana , ^j^j j J 'forulic j ^sj-* j^P- ^Uj^J Jj5L£ 




Sesam/na noonagr/o/des j 
Spodoptero Httoralis < j J ^ 



<j phenylpropanoid J^jx d ^ ^ ^ cjUsj js 



Lignin/SuDerin 



;affeoyl CoA:quinate caffeoyltransti&: 




HO A 



'OOH 



OH 

OH 

Chtorogenic Acid 



Hydroxycinnamoyl Ester 
romaton 



CHjOH 



OH 

p Hydroxyc<nnarn> l 
Alcohol 



CH^OH 



^O-CHj 



CKOH 




^oniteyl Alcohol 



22 



R = qj innate, 
shlWmate 




H 3 C O" ^O-CH* 
CM 

Sinepyl Alcaic 

4 

22 



caff^ilQcTd/5-hydroxyferulic acid O-mMGlffansferase 



19a 



l^groxylase y' 



|p-Hydroxy- 
G©namal4ehyd» C0U glSR 



o, c .R 



O-CM3 HO 
g CH '_H 

Co-gforylaldehydc 5-OI l-Ccnifcryl- 




0-CH 2 
OH 

Sinapaldohy|c 



phenylalanine ammonia-lyase 




jg ( * cinnamate-4-hydroxylase 



Phcny lalom nc 



Cinncimio 

Acid 



pCcumanc p Counvi-oyl-CoA 
Acid 



OH CH 
Coffcoyl CoA Fcrutey CoA 5 OH Fcruk>yl CoA Sinapoyl CoA 



Q- 23 

o 



* • yOCOumaroyltyramine-3-hydroxylase 



Caffeoyltyramine O-methyltransfdVase 
25 



OH 

p-Coumarnylty famine 




OH 

Caffeoyl*yrarnine 



OH 

Ferulcyltvrarmrie 



93 (continued) Biosynthesis of hydroxycinnamic acids and their conjugates and derivatives 



Table 9.2 Enzymes of phenylpropanoid metaboli 


ism leading to hydroxycinnamic acids and their con jugates, and theii 


r corresponding genes in Arabia ops is 


Enzy me 


name 


E.C 


Reaction catalyzed 


Representative 






number 1 




A rabid op sis genes" 


l4 3 


Cinnamate-4-Hydroxylase 


1. 14.13.1 1 


cinnamate + NADPH.H + + 0 2 -+ 


At2g30490, At2g30160 ? Al2g3()6()(). 




(C4H) (CYP73A) " 




p-coumarate + NADP+ + H 2 C 


At2g30580 ? 


L5 


4-Coumaroyl-CoA Ligase 


6.2.1.12 


p-coumarate + coenzyme A + ATP —> 


At 1 g5 1 680. At 1 g65060, At3g2 1230, 




(4CL) 




p-coumaroyl -Co A + AMP + PPj 


At3g21240 


16/ 16a 


Coumarate- 3- H y d r< > xy J ase 


1.14.13.36 


/j-coumai <>y l-CoA[quinaLc/shik i male | + 


Atlg74540 ? Atlg74550 ? At2g40890 




(C3H) (CYP98A) ' 




NADPH,H+ + 0 2 










caffeoyl-CoA[quinate/shikimate] + 










NADP+ + H 2 0 




17 


Caffeoyl-CoA 


2.1.1.104 


caffeoyl-CoA + S-adenosyl-L-mclhioninc 


Atlg24735, All g6798(), Ailg6799(), 




O-JVIe I hy 1 transferase 




— > ferulovl-CoA + S-adenosvl-L- 


At3g6199(). At4g26220. At4g34050 




(CoAOMT) 




homocysteine 




18/ 18a 


Femlate-5 -Hydroxylase (F5H) 


1.14.13.XX 


femlate + NADPHLH+ + 0 2 


At4g36220. At5g04330 




(CYP84A) 




5-hydroxyferulate + NADP+ + H 2 G 




19/ 19a 


Caff eic Acid/5-Hyd roxy fern 1 ie 


2.1.1.68 


caffeate/5-hydroxyferulate+S-adent)syl- 


At5g54160 




ae id O-Me t h y 1 L rans 1 erase 




L- methionine — > 






(COM f ) 




feru 1 ate/si napate+ S -adenosy 1 - L- 










homoevsteine 
_■ 




20 


Hydroxycinnamoyl 


2.3.1.133 


p-eoumarayl-GoA + quinate/shikimate 


At5g48930 




CoArShikimate/ Quinate hy 




— > p-eoumarovl -quinate/shikimate + 
i j j 






droxycinnamoyltransferase 




coenzyme A 






(CST/QST) 








21 


Cinnamoyl-CoA Reductase 


1.2.1.44 


hydroxycinnamoyl -Co A + NADPhLH + 


Atl gl5950, Allg80820 




(CCR) 




— > hydro xyeinnamaldchyde + 










NADP + + coenzyme A 




22 


Cinnamyl Alcohol 


1.1.1.195 


hydroxy cinnamaldehyde + NADPhLH + 


Atlg72680, At3g 19450, At4g34230 




Dehydrogenase (CAD) 




— > hydroxycinnamyl alcohol + NADP + 






Table 9.2 (continued) 


Enzyme name 


E.C 


Read ion catalyzed 


Representative 




number 1 




Amhidopsis genes 2 


23 Hydroxyci nnamoyl 


2.3.1. XX 


1 1 1 1 k i ' 

hydroxyci nnamoyl-CoA + tyramine 


i t ■ j 1 ■ J 

Unknown m Ammdopsis 


/"i k "ii * 

G) A: Tyramine hydroxyein- 




hydroxyci nnamoyl tyramine + coenzyme A 




namoyltransf erase 








24 p- u ) li ma rc )y 1 ly ram i nc - 3 - 


1.14.13.XX 


p-cou ma w )y 1 ty ra m i ne + N A D F H , H r + O2 -> 


1 T 1 J ) " J 

Unknown m Ammdopsis 


hydroxylase 




caffeoyl tyramine + NADP + + H 2 0 




(CT3H) 








25 Cafireoyltyramine 


2. 1 . 1 .XX 


ca 1 1 coy 1 Ly ram 1 ne + S-ade nosy 1 - L-me tin oni ne 


Unknown m Ammdopsis 


()- Methyl transferase 




X 1 " 1 1 d ' 1 €~* 1 If 

-Meruit iylty ram ine+ S-ade n ( )sy 1 - L- 




(L1UM1 ) 




homocysteine 




26 Caffeoyl CoA:Quinate 


2.3.1.99 


caffeoyl -CoA + quinate 


Unknown in Amhidopsis 


caffeoyltransferase (CQC) 




caffeoyl quinate + coenzyme A 





Enzyme Nomenclature (web version) www.chcm.qmul.ac. uk/iubmb/enzyme/ 

2 Gene identifiers are from Ehlting et al. 2005 , Ralph et al. 2006, and The Amhidopsis Information Resource (1 AIR) (www.arabidopsis.org). Not all genes 
listed have been functionally characterized; nor are the lists considered complete. 

3 Enzyme number refer to the corresponding reaction in Fig. 9,3, 




. ^ ^\ j t«J cjISlju j phenylpropanoids 
^ c^j, jjis ^JjJjO** j NH 4 +cinnamate ^ u^Vi J,^ ► 

^jjbjj^ ^auljjtu o^ij uJjiCinnamate-4-hydroxylase (C4H) catalyses ► 

^SLdjii* jj i p-coumaric acid i<J^j& ^jm ^ 

. .^aj ^ f ujt ij phenylpropanoid 

jji j a£ cij phenylpropanoid ^ ^ *^ j^p- JjS^s ^ 



jb jd ^ l_±lJ ^Ijj ^ hydroxycinnamic 

. ^ ^ cU- phenylpropanoid 




stilbene synthase 




Cfc 0 



mntt 
(eg., Kaemptero) 

on 

flavongjd 3-hydroxyl 



n 



Flawrads 
|tg,Qutfotin| 



4-coumcu|eyl-CoA ligase 



W CoA CcA 



lavonone 3-hydroxylEhpTSf W 
OH 0 0*0 



Dxylase _ 

c* o 



chatoac 



C ". f C?'0^3rTi: < ? , :l 



Cihydrocueritin 




dihydroflavonol 4-reductase 



a I 



anthocyanidin sy^iase H0v^ / 0 v/ s s ^n^ j 



en 



YVch 



cm ON, 



Fig. 9.4 (continued) Biosynthesis of flavonoids, stilbenes * 
and condensed tannins 



Ccndensec 
Tanmt repeatirg irit 




leucoanthocyanidin reductase^ 



ON 



n 



Crah'r 




OH 

COSCoA^ 

, 4-coumaroyl-CoA 
phenylalanine J 

chalcone synthase CHS(tt4) , 

HO 




COOH 

3 h 2 c v 

COSCoA 
malonyl-CoA 



\_/-° H 

naringenin chalcone 



chalcone isomerase cm(tts) JJ, 




OH O 



flavanone 3-hydroxylase F3H(tt6) n 

F3'H(tt7) V 




OH FLS 

4= 



v OH flavonol synthase q H q 
OH 6 flavonols 
dihydroflavonol reductase 0 ™^ H 




0H 3-OH-flavanones 
(dihydroflavonols) 



OH ^ 





OH OH 



flavan-3,4-diols 
LDOX 

Leucoanthocyanidin dioxygenase. 



OCHo 



proanthocyanidins 
(condensed tannins) 




O-GIc O-Glc-O-Rha-pCoumaroyl 
anthocyanins 



Table 9.3 Selected enzymes of flavonoids and stilbene synthesis, and their corresponding genes in Arahidopsis 



Enzyme name 



E.C 

number 1 



Reaction catalyzed 



Representative 
Arahidopsis genes 2 



Stilbene Synthase (SIS) 
Chalcone Synthase (CHS) 



Chalcone Isomerase CHI) 
Flavano ne 3- Hy d ro xy 1 ase 
(FHT) 

Flavo noid 3 '- H yd roxy I ase 
(F3H) 

Ravonol Synthase (FLS) 



Di hy d n )fl a vonc >l 4- Red u c tasc 
(DFR) 

Leucoa nthoey a ni di n Redu ctase 
(LAR) 

Anth OC van id i n S y n thase ( ANS) 
( Lc u ct >a n I hocy a n i din 
Di oxygenase) 



2.3.1.146 
2.3.1.74 



5.5.1.6 
1.14.1 1.9 



1.14.13.21 
1.14.11.23 



1.1.1.219 
1.17.1.3 
1.14.1 1.19 



^innamoyl-Co^ 

[TinoS;ylviT+ 4 coenzyme A "^^CQj 
p-coumaroyl-CoA + 3 malonyl-CoA — > 

naringenin chalcone + 4 coenzyme 

A + 3C0 2 
naringenin chalcone — ► naringenin 
naringenin + 2-oxoglularale + (>> — * 

dihydrokaempferol + succinate + 

C() 2 + H 2 C) 
d i hy d r< > kac m p I e rol + N A DP H , H + +G 2 -> 

dihydroquercitin + NADP+ + H 2 G 
d i tiydrokae m p lb rol / 

tlih y^lio(]Mercitirv+ -2-oxo<dntanite-l-0-> — > 
(^aempfen)l/quercTdnN)- succinate + 

co n n 2 o 

quercitin + NADPH.H + 

leucocyanidin + NADP+ 
leuc^yyanidin + NADPH.H+ 
^echin\ NADP+ + H 2 G 
leLic^T(TiTrrno)cyanidin + 2- 
oxoglutarate + 0 2 — > 
ant hoc van idin+succinate+C0 2 +2H 2 G 



U n k n ow n i n A m hidopsis 



At I "02050. At4e00040. At4«34850. At5a I 3930 



Atlg53520, At5g05270, At3g55120. At5g66220 
Atlg7855(). At3g 19000, At3g51240, At4g 10490, 
At4g 16330. At5g24530 

At5g07990 

Atlg49390, At2g44800, At3gl9010. At3g502IO. 
At5g0864(). At5g43935. At5g63580, 
At5g63590, At5g63595. At5g63600 



At5g42800 



At I "6 1720 



At2g38240, At4g22880 



1 Enzyme Nomenclature (web version) www.cheni.qmul.ac.uk/iubmb/enzyme/ 

Gene identifiers are from Ehlting et al. 2005. Ralph et al. 2006, and The Arahidopsis Information Resource (TAIR) (www.arabidopsis.org). Not all genes 
listed have been functionally characterized; nor are the lists considered complete. 
3 Enzyme number refer to the corresponding reaction in Fig. 9.4. 



^jL ci^ J j (C15) ^> 15 (aglycone) o& u u ► 

jtjix^ l-jjjjj wounding J aiiu u jjjjjjjj ^^jjjjj ^ > ciJ ^ 
f j£ Uj wounding c^Asj j ^jA^ ^ j^j^j Norway 

^ till i5L>u j^ji^ (bud worm herbivory)^ 

_ J jjuj llll 1 £ JJ i ol ^)j^jj^a 

. j j jS wounding herbivory j^ts c^j ^ ^ u ^ji oj! ji > ^ 



Ia Jjj jlj^ (jjjjl jfll CLicU 4£ Ia jUjuj j±i jlc-i l^j ^tg-j < ; u& j3 ► 

<dihydroquercitin ^) u dihydroflavonol (kaempferol, quercitin) 
flavones <(genistein)) u isoflavonoid <(dihydrokaempferol 

^ Up£ Ajjjjj^ii jji ^-j^ . ^ ^ (apigenin) 

Xjij jt ( (proanthocyanindins,) j^L^i^jj^) ^ ^ ► 

^ JjSLjs flavan-3,4-diols W j ( catechin J^) flavan-4-ols 



jjL^aZji^ji^ a±J> 3 ja^ <herbivory j wounding 



